A series of pentacoordinate Ni(II) complexes of the general formula [Ni(L5)] (1-6) with various pentadentate Schiff base ligands H 2 L5 (originating in a condensation of aromatic ortho-hydroxy-aldehydes and aliphatic triamines) was synthesized and characterized by X-ray structure analysis and magnetometry. The alternations of substituents on the H 2 L parent ligand resulted in the complexes with the geometry varying between the square-pyramid and trigonal-bipyramid. In the compounds whose chromophore geometry is closer to a trigonal-bipyramid, a large and negative uniaxial anisotropy (D = −64 cm −1 ) was identified.
Introduction
The potential industrial utilization of the molecular materials exhibiting slow relaxation of magnetization (SRM), singlemolecule magnets (SMM), has driven the research of magnetic anisotropy 1 of coordination compounds in the last two decades. The relation of magnetic anisotropy (expressed by the axial (D) and rhombic (E) zero-field splitting parameters) to the spin-reversal barrier height (U eff ) plays a crucial role in potential application of compounds showing SRM phenomenon.
At the very beginning of the SMM research, the attention was focused mainly on polynuclear coordination compounds. However, in these it is difficult to tune rationally the magnetic exchange and anisotropy in order to increase U eff . Lately, it has been shown that magnetic anisotropy is the key component in this effort, 2 which was further proven by the extensive work on the lanthanide mononuclear SMM (single-ion magnets, SIM) 3 and the discovery of SIM for the first-row transition metals such as Mn(III), 4 Fe(I), 5 Fe(II), 6 Fe(III), 7 Co(II), 8 and Ni(I). 9 In these systems structural distortions along with spin-orbit coupling induce large magnetic anisotropy and subsequently, the SIM behaviour. However, the rational design of SIM is still far from being routine.
In order to explore the molecular structure-magnetic anisotropy relationship in the M(II) coordination compounds, several magneto-structural D-correlations for hexacoordinate Ni(II) and Co(II) complexes have been outlined. 10 However, to the best of our knowledge, these correlations have not covered the pentacoordinate Ni(II) complexes yet. Only very recently the proposition of such a correlation for pentacoordinate Co(II) complexes with various coordination donor sets (i.e. N 3 X 2 , N 3 O 2 , X = halide anion) has been reported. 11 While hexacoordinate Ni(II) compounds adopt relatively large D values, from −10 to +10 cm −1 , magnetic anisotropy is much more enhanced in pentacoordinate Ni(II) complexes with a trigonal-bipyramid geometry of the chromophore for which very large and negative values of the D-parameters, ranging from −120 to −200 cm −1 , have been found. 12 This is due to the orbitally degenerate ground term 3 E in the D 3h symmetry (trigonalbipyramid, abbr. TB) of the coordination polyhedron in the case of Ni(II) compounds. 13 At this point it must be noted that no Ni(II) SIM has been reported for Ni(II) pentacoordinate compounds so far. Hence it is clear that this topic deserves much more scientific effort as TB compounds of Ni(II) might be appropriate candidates for the observation of SRM and thus the SIM behaviour. In the theoretical work of Pavlovic et al. 13 a strategy for obtaining such compounds was proposed as follows: (a) preparation of the compounds with the TB geometry (or the geometry very close to TB); (b) use of the robust and polydentate ligands, which might prevent Jahn-Teller (JT) distortion present in TB Ni(II) compounds (as a consequence of the JT effect, symmetry lowering causes removal of the orbital degeneracy reflecting itself in much lower D-values); and (c) utilization of the ligands with weak ligand field strengths.
This motivated us to prepare new Ni(II) pentacoordinate complexes involving pentadentate Schiff base ligands, because they fulfil several of the above mentioned criteria (i.e. relatively robust ligands, weak ligand field) for the preparation of pentacoordinate Ni(II) complexes with a large and negative D parameter.
The pentadentate Schiff base ligands originating in a condensation of aromatic 2-hydroxy aldehydes and aliphatic triamines (Scheme 1) can be prepared easily and therefore, they are suitable for a systematic study involving modulation of the complex properties via ligand substitutions. Most importantly, in combination with Ni(II), Co(II) and Fe(II) salts, these ligands form pentacoordinate complexes of the general composition [M II (L5)]. 14 The Ni(II) compounds of this type are further abbreviated as [Ni(L5)] in this work.
In this work we report on the crystal structure and magnetic properties of Ni(II) complexes of the aforementioned general composition, namely complexes [Ni(L5A)] (1), [Ni(L5B)] (2), and [Ni(L5C)] (3). Furthermore, magnetic properties of previously reported (structural and spectroscopic studies only) compounds [Ni(L5D)] 15 (4), [Ni(L5E)] 16 (5), and [Ni(L5F)] 17 (6) were measured, analysed and included in this study (Scheme 1). The magnetic data (temperature and field dependence of the magnetisation) were analysed using the spin-Hamiltonian formalism that covers the zero-field splitting (ZFS) terms (both axial and rhombic). Such approach provided a reliable set of ZFS parameters which were correlated with the crystal structure of the presented compounds. Furthermore, the ab initio calculations on the molecular structures were employed to support the magnetic analysis by calculating ZFS and g tensors, which helped in revealing the relationship between the chromophore geometry and magnetic anisotropy.
Results

Synthesis and crystal structure
The preparation of the compounds under study is rather simple and it is based on the first report on [Ni II (L5)]-type compounds by Seleborg et al. 18 In the first step, the bis(salicylaldehydato)nickel(II) complex is prepared by the reaction of nickel(II) acetate tetrahydrate and the corresponding derivative of salicylaldehyde in methanol. Then, the corresponding aliphatic triamine (bis(3-aminopropyl)amine or 3,3′-diamino-N-methyldipropylamine in this case) is added to the reaction mixture which immediately turns green. Single-crystals were obtained by slow evaporation of the mother liquor (1) or by recrystallization of the microcrystalline product (for details see the Experimental section).
The crystal structures were determined for three new compounds 1-3, and the structure of 5 was redetermined, because Cambridge Crystallographic Database (CSD)-deposited 19 structural data was of low quality. For compounds 4 and 6 the structural data were retrieved from CSD. The selected bond lengths and structural parameters are summarized in Table 1 ; crystal data and structural refinements for compounds 1, 2, 3 and 5 are listed in Table 2 .
Structural features are very similar for all the reported compounds in this study (Fig. 1 ). The doubly deprotonated (L5 2− ) pentadentate ligands provide the {N 3 O 2 } donor set by one amine (N am ) and two imino nitrogen atoms (N im ) and two phenolato oxygen atoms (oxygen atoms are in the cis position). The longest bond lengths within the chromophore are found for Ni-N am bonds ranging from 2.05 to 2.10 Å. The Ni-N im bonds are a bit shorter (1.99-2.03 Å) and the Ni-O bonds are the shortest (1.95-2.00 Å). It can be summarised that the bond lengths in the studied [Ni(L5)] derivatives are very similar in all the reported compounds in this study ( Table 1) .
The chromophores in 1-6 adopt shapes intermediate between square-pyramid (SP) and trigonal-bipyramid (TB). The (7) 113.486 (9) 113.807 (7) 92.008 (13) (3); 4, Ni1-N1 = 2.009, Ni1-N2 = 2.099, Ni1-O1 = 1.997; 5, Ni1-N1 = 2.017(4), Ni1-N2 = 2.094(4), Ni1-N3 = 2.013(4), Ni1-O1 = 1.974(3), Ni1-O2 = 1.971(3); 6, Ni1-N1 = 2.033(1), Ni1-N2 = 2.050(1), Ni1-N3 = 2.044(1), Ni1-O1 = 1.950(1), Ni1-O2 = 2.002(1). characterization of these two possible limiting pentacoordinate geometries is well established by the Addison parameter τ 20 which adopts zero value for the purely SP geometry and τ = 1 for the TB geometry. In the present series the τ parameters span a relatively large range (Table 1) with the lowest value found for 6 (τ = 0.26) and the largest ones found for 2 and 3 (τ = 0.62). The group of the L5 2− ligands is well-known for their structural flexibility and this fact can influence the geometry of the chromophore. 21 In order to examine a possible relationship between the shape of the L5 2− ligand and τ parameter, the parameter α (the dihedral angle between the least squares planes of the aromatic rings) was used.
Dalton Transactions Paper
From the obtained α values one can see that there is no apparent correlation between these two parameters; however, the lowest value of α is found for compound 6 exhibiting also the lowest τ value. Similar to 6, the compound containing the L5-type ligand with comparable τ and α parameters (α = 67.1, τ = 0.25) can be retrieved from the CCDC -[Ni(L5G)] (where LG 2− = N,N′-bis((2-hydroxy-5-methylphenyl)(phenyl)methylene)-4-azaheptane-1,7-diamine). Interestingly the ligands in both compounds (6 and [Ni(L5G)]) arise from condensation of ketones with amines (1-(2-hydroxyphenyl)ethanone in 6, and (2-hydroxy-5-methylphenyl)( phenyl)methanone in [Ni(L5G)]). This indicates that the use of the ketones in preparing [Ni(L5)] results in pentacoordinate complexes with the chromophore geometry close to SP.
In compounds 1-5, the non-covalent interactions are of C-H⋯O/C or C-H⋯π type and they are of negligible strength. In 6, the N-H⋯O hydrogen bonds between the amine group and phenolato oxygen atom stabilize a centrosymmetric supramolecular dimer (Fig. 1) . The donor-acceptor distance is relatively large: d(N⋯O) = 3.059(2) Å. The face-to-face π-π stacking is absent in 1-6.
Magnetic properties
The temperature dependence of the effective magnetic moment (μ eff ) and the field dependence of the magnetization (M mol ) of all the investigated compounds are shown in Fig. 2 . The spin-only value for Ni(II) complexes is μ eff = 2.83μ B and it is apparent from Fig. 2 that μ eff is much higher at room temperature: 3.0-3.2μ B for 1-6. Thus, significant contribution of angular momentum (and g > 2.0) to overall magnetic properties must be considered. The effective magnetic moment for 1-6 stays almost constant at 70 K; it drops down to 1.7-1.9μ B at T = 1.9 K. The isothermal magnetizations measured at 2.0 and 5.0 K showed large deviation from the Brillouin function. These features confirm sizable values of the ZFS parameters and consequently large magnetic anisotropy.
In magnetic data analysis the following spin Hamiltonian was considered,
where D and E are the single-ion axial, and rhombic ZFS parameters, respectively. The last part is the spin-Zeeman term, in which a direction of the magnetic field is defined as B a = B(sin θ cos φ, sin θ sin φ, cos θ) with the help of the polar coordinates. Then, the molar magnetization in the a-th direction of the magnetization can be numerically calculated as,
where Z is the partition function. Finally, the averaged molar magnetization of the powder sample was calculated as an integral average
In order to determine the spin Hamiltonian parameters, both temperature and field dependent magnetization data were fitted simultaneously (Fig. 2) . Furthermore, the standard deviations of the varied parameters were calculated with the 95% probability confidence limits. 22 The final set of magnetic parameters is listed in Table 3 . In all the cases, the D-parameter was found negative, meaning that complexes 1-6 possess an easy-axis of magnetization. The largest D-parameter was found for 2 (D = −64.0 cm −1 ), while the smallest D and largest rhombicity was found for 6 (D = −12.7 cm −1 , E/D = 0.18). This stimulated the measurement of the AC susceptibility in zero and in applied static magnetic fields; however, no out-of-phase susceptibility signal was detected for herein reported compounds 1-5.
Ab initio calculations
In order to support the experimental results, we utilized the contemporary ab initio theoretical method based on multireference state average complete active space (SA-CASSCF) wavefunctions complemented by N-electron valence state perturbation theory (NEVPT) with CAS(8,5) active space. This enabled computing of the D-and g-tensors for studied compounds 1-6.
The results of calculations are summarized in Table 3 . Generally, the ab initio calculations confirm large and negative D-parameters ranging from −41.7 to −63.2 cm −1 and also relatively small rhombicity (E/D < 0.07) in 1-5. In 6, the considerably lower axial ZFS parameter was found, D = −25.3 cm −1 , with a much higher rhombicity, E/D = 0.17. The calculated D and E/D values agree with those extracted for the experimental data for 1-4; however, in 5 and 6 the discrepancy between the calculation and experiment is larger ( Table 3 ). The contributions of excited states to the ZFS terms are tabulated in Tables S1-S6 (see ESI †). Furthermore, the energy levels of ligand field multiplets for the studied compounds are listed in Table S7 (ESI †) showing that first excited multiplet is at least ∼4000 cm −1 above the ground state triplet, which justifies use of the spin Hamiltonian to analyse their magnetic properties.
The axes of the calculated ZFS and g-tensors together with the molecular structures are visualized in Fig. 3 . In all the cases, the g-tensors and ZFS-tensor axes almost coincide, and under conditions that ZFS-tensor defines coordination axes X, Y and Z the following relationships hold true for g-com-ponents: g x = g 2 , g y = g 1 , and g z = g 3 . In spite of the fact that the calculated axes of the ZFS tensors and donor-acceptor bonds do not tally perfectly, we can roughly identify the Z-axis of the (7), g = 2.251(4) and χ TIP = 2.6(5) × 10 −9 m 3 mol −1 for 6. , were also involved in the analysis in order to enlarge the dataset; they possess τ(7) = 0.09 and τ(8_Ni1) = 0.13, τ(8_Ni2) = 0.086. Furthermore, for these compounds the same ab initio calculations at the CASSCF/NEVPT2 level of theory were performed as for compounds 1-6 and the results are listed in Table 3 . Then, both experimental and calculated datasets resemble a linear dependence of D vs. τ (Fig. 4) . For the experimental data a linear regression was obtained
with the correlation coefficient R 2 = 0.97. This is the first magnetostructural D-correlation applicable to pentacoordinate Ni(II) complexes.
Analogously, for the theoretical data a linear regression was obtained
with the correlation coefficient R 2 = 0.91. Both correlations obtained provided quantitatively almost the same values of parameters taking into account their standard errors, thus showing that both experimental and theoretical investigations are in harmony. Nevertheless, the linear correlation was studied within a somewhat limited range of τ values, and therefore enlarging the dataset could bring a new piece of knowledge. Previously reported Ni(II) compounds with τ values >0.6 have too different chromophores ({NiN 3 X 2 } or {NiN 4 X}, X = halide ligand) 12 from the presented series (and therefore ligand field strength) and this prevented us from involving them in our study. Next, we focused on compound 6 in order to investigate the effect of the hydrogen bonds within the supramolecular dimer (Fig. 1) on the magnetic exchange in analogy with our previous work. 24 The DFT method was used in calculating the isotropic exchange coupling constant by using the broken-symmetry (BS) procedure at the B3LYP/def2-TZVP level of theory. The computation was performed for [Ni(L5F)] 2 dimer at the geometry as determined from the single-crystal X-ray analysis (Fig. 5) , Fig. 3 The CASSCF/NEVPT2 principal axes of ZFS tensors labelled as DX, DY, DZ, and axes of g tensors labelled as g1, g2, g3 visualized together with the molecular structures of compounds 1-6. The hydrogen atoms were omitted for clarity. except for the positions of the hydrogen atoms which were optimised by using B3LYP/def2-TZVP(-f ) and atom-pairwise dispersion correction by S. Grimme et al. (see details in the Experimental section). The analysis was based on the Heisenberg spin Hamiltonian,
and energy difference between the broken-symmetry (BS) and high-spin (HS) spin states, Δ = E BS − E HS , was used in evaluating J-values either by Ruiz approach 25
or Yamaguchi approach 26
giving rise to J Ruiz = −0.60 cm −1 and J Yam = −0.90 cm −1 . The obtained data suggests a non-negligible value of the antiferromagnetic nature. We also tested whether the magnetic analysis can reveal such a small exchange under the condition that |D| ≫ |J|. The calculations ( Fig. S1 in ESI †) yielded J = −0.28 cm −1 , D = −13.0 cm −1 , E/D = 0.15, and g = 2.259, which are close to the parameters reported for a mononuclear unit. Such weak antiferromagnetic exchange is in agreement with the isothermal magnetization data, in which no inflection point was detected ( Fig. S2 in ESI †).
Conclusions
We reported on a series of six pentacoordinate Ni(II) compounds with a focus on their structure and magnetism. The molecular structures of the presented complexes differ slightly in the shape of pentadentate Schiff base ligands, but also in the geometry of the coordination polyhedra. It was revealed that the τ parameter varies within the series from 0.26 (in 6) to 0.62 (in 2 and 3) and this means that the chromophore geometry of the presented compounds is between the squarepyramid and trigonal-bipyramid. It is expected that Ni(II) compounds having the chromophore geometry close to trigonalbipyramid should possess large negative values of the axial ZFS parameter, while compounds with the chromophore geometry close to square-planar should possess positive D values. This was partially confirmed by our present study where the compounds with the largest τ values adopt also the largest negative D values (D(2) = −64.0 cm −1 , D(3) = −60.3 cm −1 ) and the compound with the lowest τ adopts also the lowest D value (D(6) = −12.7 cm −1 ). We did not observe positive D values in 1-6, but it must be noted that the chromophore in 6, as a border compound of the series, is still far from net square pyramid. Therefore, two previously reported compounds, [Ni(L3A)(L2)](ClO 4 ) (7) and [Ni(L3B)(L2)](ClO 4 ) (8) with the geometry of their coordination polyhedra close to square-planar (τ(7) = 0.09; τ(8) = 0.13), were involved in the discussion, which enabled us to derive the magneto-structural correlation for the axial ZFS parameter in the form D/cm −1 = 32.7(4.8) − 151(10) τ. A similar correlation was obtained when ab initio values were involved, demonstrating that the magnetic analysis of the experimental data and theoretical calculations are in accordance. Despite large negative D-values, no out-of-phase AC susceptibility signal was detected for 1-5, leaving the quest for the first pentacoordinate Ni(II) single-ion magnet still open.
Experimental
Synthesis
All reagents and solvents were purchased from commercial sources (Sigma Aldrich, Acros Organics) and used as received.
Compounds 1-6 were prepared according to previously reported literature methods. 16 The experimental procedures for the preparation of 1-6 are similar and therefore, only the synthesis of 1 will be described in detail. 
Synthesis of [Ni
Equipment, measurements and software
Elemental analyses were performed using a CHNS Analyzer (ThermoFisher Scientific, FLASH 2000). The magnetic data were measured on powder samples pressed into pellets using a SQUID magnetometer (Quantum Design, MPMS-XL7) for 1-5 and PPMS system (Quantum Design, Dynacool) for 6. The experimental data were corrected for the diamagnetism of the constituent atoms using Pascal constants. 27 Single crystal X-ray diffraction data were collected using CCD diffractometer (Oxford Diffraction, Xcalibur2) with a Sapphire CCD detector installed at a fine-focus sealed tube (Mo-Kα radiation, λ = 0.71073 Å). All structures were solved by direct methods using SHELXS97 28 and SIR-92 29 incorporated into the WinGX program package. 30 For each structure its space group was checked by the ADSYMM procedure of the PLATON 31 software. All structures were refined using fullmatrix least-squares on F o 2 − F c 2 with SHELXTL-97 with anisotropic displacement parameters for non-hydrogen atoms. 30 All hydrogen atoms were found in differential Fourier maps and their parameters were refined using a riding model with U iso (H) = 1.2 or 1.5U eq (atom of attachment). All the crystal structures were visualized using the Mercury software. 32 Nonroutine aspects of the structural refinement are as follows: aliphatic parts (carbon atoms) of the ligands in compounds 1, 2, 3 and 5 are disordered over two positions. Theoretical methods. All theoretical calculations were performed with the ORCA 3.0 computational package. 33 The ZFS and g tensors were calculated by employing self-consistent field (SA-CASSCF) wave functions 34 complemented by N-electron valence second order perturbation theory (NEVPT2). 35 The active space of the CASSCF calculation was set to five d-orbitals of Ni(II) (CAS(8,5)). The ZFS parameters, based on dominant spin-orbit coupling contributions from excited states, were calculated through quasi-degenerate perturbation theory (QDPT), 36 in which approximations to the Breit-Pauli form of the spin-orbit coupling operator (SOMF approximation) 37 and the effective Hamiltonian theory 38 were utilized. The relativistic effects were included using zero order regular approximation (ZORA) 39 and the scalar relativistic contracted version of def2-TZVP(-f ) basis functions 40 together with the def2-TZV/C auxiliary basis sets for correlation calculations utilizing the chain-of-spheres (RIJCOSX) approximation to exact exchange. 41 In the case of compound 6, the DFT calculation of the J-value was done at the B3LYP/def2-TZVP(-f ) level of theory. The hydrogen atom positions were optimized prior to calculation of the J-value using B3LYP/def2-TZVP(-f ) and atom-pairwise dispersion correction to the DFT energy with the Becke-Johnson damping (D3BJ). 42 The spin densities were visualized with the program VESTA 3. 43 
